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S
edentary behavior continues to rise among children. According to the Centers for Disease Control and Prevention, more than 85% of children who lived within 1 mile of school walked or biked to school regularly in 1969 (13) . Today, that figure has dropped to an estimated 31% (37) . Furthermore, because the ''No Child Left Behind'' act was enacted over a decade ago, time previously allocated toward physical education and recess has been indirectly reduced by 32% in more than 6000 elementary school districts across the United States (7) . Such trends in sedentary behavior contribute to chronic health problems across the lifespan, including decrements in cognition and brain health (20) .
Decreasing opportunities for physical activity during school represents a counterproductive measure (33) when considering the growing body of research indicating a positive relation between regular physical activity and scholastic achievement (9) , cognition (35) , and memory (8) . Furthermore, a smaller body of research has demonstrated that even single bouts of physical activity have transient benefits for cognition after the cessation of exercise (21, 24) . In particular, aspects of cognition necessitating greater levels of cognitive control have demonstrated selectively larger benefits after acute exercise (22) .
Cognitive control refers to a subset of cognitive operations responsible for goal-directed actions related to the selection, scheduling, maintenance, and coordination of computational processes underlying perception, memory, and action (31) . Within the core concept of cognitive control lie three distinct, yet functionally interrelated, processes known as inhibition, working memory, and cognitive flexibility (14) . The current study focused on two of these constructs (i.e., inhibition and working memory). Inhibition represents the ability to attend to task-relevant information in the environment while simultaneously gating out distracting or irrelevant elements that may influence decision making and responding (10) , whereas working memory describes the ability to represent, maintain, manipulate, and update information on-line for a short period (26) .
Of these processes, most research in the acute exercise literature has investigated inhibition in college-age young adults with enhancements of performance being observed after at least 20 min of exercise (23, 25) . In particular, both Hillman et al. (23) and Kamijo et al. (25) separately investigated the effect of acute exercise on inhibitory control in response to a modified Eriksen flanker task (17) . The Eriksen flanker task modulates inhibitory control by having participants attend and respond to a focal stimulus amid an array of other distracting stimuli. Replicating the findings of Hillman et al. (23) , Kamijo et al. (25) observed that after 20 min of moderate-intensity aerobic exercise, event-related brain potential differences were evident with increased amplitude for the P3 component, suggesting increased allocation of attentional resources as a result of the single bout of exercise. These findings (23, 25) indicate that in young adults, single bouts of moderate-intensity aerobic exercise may be beneficial to cognitive functioning-and, more specifically, cognitive control processes-and further provide a neuroelectric basis for the observed differences in task performance.
Despite these positive relations with inhibitory control, research investigating post-acute exercise effects on other aspects of cognitive control such as working memory has demonstrated a less robust relation with only a few studies demonstrating positive results (6) . Recently, a meta-analysis compared the relation of moderately intense acute exercise on behavioral measures (i.e., reaction time and response accuracy) of working memory both during exercise and after exercise (29) . Results of 24 select studies revealed a significant relation between acute exercise and task performance. That is, acute exercise was related to poorer accuracy and shorter reaction time across a variety of working memory tasks. As such, the current study aimed to test the effects of acute exercise on working memory using a spatial n-back task. The n-back task has been previously used to modulate the updating of working memory. Spatial versions of the nback task require participants to remember the location of targets (i.e., one or two spaces back) and respond accordingly.
Given the observed effects of a single bout of exercise on inhibition and working memory in young adults, the investigation into the effect of acute exercise on these aspects of cognitive control in school-age children is of particular importance, because it has implications for policy relating to the removal of physical activity opportunities from the school day. That is, previous research has implicated these aspects of cognitive control as a necessary faculty involved in academic achievement (36) . Specifically, academic achievement in the areas of reading, mathematics, and science has been found to depend upon the inhibition of unrelated information and updating of working memory (36) . Such findings suggest that acute exercise induced enhancements in inhibition and working memory may relate to improved learning in the academic environment. Although substantially less research has examined the effect of a single bout of exercise on cognition in children, findings from these investigations are consonant with this assertion. That is, after participation in a single bout of exercise lasting at least 20 min, improvements in cognition have been observed for aspects of concentration (5), inhibition and reading (22) , and mathematics (19) .
Based in part on the relation between single bouts of exercise and enhancements in cognition, and in an effort to improve the health status of children and decrease sedentary behavior, the American Alliance for Health, Physical Education, Recreation and Dance (30) recommends having teachers integrate short exercise bouts throughout the school day, including during classroom learning. However, this recommendation to exercise during classroom learning may inadvertently have a negative effect on cognitive control processes that subserve academic achievement. That is, although a general enhancement in cognitive function has been observed after a bout of exercise, some evidence exists to indicate decreases in cognitive performance during exercise.
Specifically, a meta-regression by Lambourne and Tomporowski (28) analyzed select research in college-age adults by separating findings according to the time of cognitive assessment, exercise mode, and exercise intensity. The analyses revealed that cognitive decrements were largest within the first 20 min of walking or running and that overall cognitive performance improved after the cessation of the bout of exercise (28) . Despite these findings, support for the observed deficits during exercise remains inconclusive because of the exclusion of several studies demonstrating an opposing pattern of results (11) . Furthermore, Dietrich and Audiffren (15) suggest that the divergent findings during exercise may be due to the level of mental engagement required by the cognitive task, with exercise facilitating low levels of cognitive engagement and impeding high levels of engagement (i.e., cognitive control). To date, the acute in-task exercise literature remains equivocal on this perspective. Research has demonstrated both decrements (15, 32, 12) and improvements (11, 24, 34) during exercise for tasks that necessitate cognitive control. Furthermore, the extent to which these changes in cognitive control occurring during exercise generalize to school-age children is as of yet limited (34) . Given the relevance of these relations to scholastic performance, further investigation is needed to better understand the effects of a single bout of exercise on the direction and time course of changes in cognition in school-age children.
Thus, this study examined changes in task performance during two cognitive control tasks that were designed to assess inhibition and working memory during and after moderately intense treadmill walking. On the basis of previous literature, decreased cognitive control was expected during walking because of the competing demands for finite cognitive resources. However, after the cessation of the single bout of walking, improvements in task performance on the cognitive control tasks were predicted. Such findings have important implications of cognitive and scholastic achievement, as well as the educational environment and the context of learning.
METHOD Participants
Thirty-six preadolescent children age 9-11 yr (mean age = 9.9 T 0.7 yr, 20 female) were recruited from the east central Illinois area. The Institutional Review Board of the University of Illinois approved this study. In accordance with the institutional review board, a legal guardian provided written informed consent, and the child participant provided written informed assent. A legal guardian provided health history and demographics information via a questionnaire, which also included questions regarding socioeconomic status (SES).
Calculation of SES followed a trichotomous index that included the following measures: a) the highest attained level of education for the mother and father, b) participation in free or reduced price lunch at school, and c) number of parents who work full time (4). Furthermore, parents completed the physical activity readiness questionnaire that identified medical conditions, which may be exacerbated by physical activity (39), the ADHD Rating Scale IV, and the modified Tanner staging scales to characterize pubertal timing (38) . Lastly, participants were administered a brief IQ test (K-BIT [27] ) by trained experimenters.
Prescreening criteria identified eligible participants as those who reported being free of any neurological disorders, had (corrected to) normal vision, scored below the 90th percentile on the ADHD Rating Scale IV, at or below a score of 2 (i.e., prepubescent) on the Tanner staging scales, and demonstrated average or above average intelligence according to the K-BIT. Participants received monetary compensation for participation in the study. Table 1 provides participants' demographics and fitness data.
Cardiorespiratory Fitness Assessment
Maximal oxygen consumption (V O 2max ) was collected by a computerized indirect calorimetry system (ParvoMedics True Max 2400) with averages of RER and oxygen uptake (V O 2 ) assessed every 20 s. The test followed a modified Balke protocol (1) on a motor-driven treadmill (Life Fitness 93T Classic; Brunswick Corporation, Schiller Park, IL) at constant speed, with each participant walking for the first 3 min followed by a sustained moderate run. Every 2 min, the incline was sequentially increased 2.5%, and running was sustained until volitional exhaustion was achieved. A Polar HR monitor (model A1; Polar Electro, Finland) was fitted to each participant and used to track HR for the duration of the test. Furthermore, every 2 min, perceived physical effort was measured with a pictographic RPE using the children's OMNI scale (40) 
Cognitive Tasks
Behavior recordings and stimulus presentation were controlled with Neuroscan Stim software (v 2.0; Compumedics USA, El Paso, TX) on a microcomputer, with each trial presented on a monitor at a focal distance of 1 m. Order for each task was counterbalanced across all participants.
Flanker. A modified Eriksen flanker task (17) was used to assess inhibitory control. Participants were instructed to attend to the center (i.e., target) arrow, while ignoring flanking arrows, and to respond as quickly and accurately as possible with a left button press if the target arrow pointed left and a right button press if the target arrow pointed right. The task included 100 randomized trials with each trial containing an array of five arrows presented for a duration of 200 ms with a fixed interstimulus interval of 1500 ms. Stimuli consisted of 3-cm-tall white arrows on a black background. All trials were presented with equiprobable directionality and congruency within congruent (e.g., GGGGG or 99999) and incongruent (e.g., GG9GG or 99G99) arrays (32) .
Spatial n-back. A modified version of the spatial nback task included six white-framed boxes, each measuring 4 Â 4 cm, spaced in a circular fashion 9.5 cm from a centrally presented fixation cross. The nature of the n-back task is to provide a continuous load on working memory, requiring updating and reorganization of memory representations. For each trial, an illustrated black and white cow appeared pseudorandomly inside one of the six boxes. For the 0-back condition, participants were instructed to respond as quickly and accurately as possible with a right button press when the cow appeared in the upper right box (i.e., target) and with a left button press when the cow appeared in any of the remaining five boxes (i.e., correct reject). For the 1-back and 2-back conditions, participants were instructed to respond as quickly and accurately as possible with a right button press if the cow appeared in the same box as the previous trial (i.e., target) for the 1-back condition and two trials previous for the 2-back condition. A left button press indicated if the cow was in any of the four remaining locations (i.e., correct reject). All trials were presented for a duration of 250 ms with a fixed interstimulus interval of 2500 ms on a green (r: 51, g: 78, b: 20) background. Targets were presented with 33.3% probability, with the 0-back condition containing 45 trials with 15 targets and the 1-and 2-back containing 72 trials with 24 targets each. 
Procedure
The protocol used a within-subjects repeated-measures design. Each participant took part in three separate sessions of testing with session two and three designed with repeating cognitive assessments under different conditions. All three sessions occurred during the same time on separate days with an average of 8.4 days (1.6 SE) between tests. Participants were instructed to avoid caffeine and vigorous physical activity before each laboratory visit. Session 1. Participants began by completing informed consent/assent, followed by the collection of demographic and prescreening information. Next, they received the opportunity to practice each of the cognitive tasks. Practice included 60 trials of the flanker task and 20 trials of each condition of the modified spatial n-back task (0-back, 1-back, and 2-back). All tasks were performed while participants sat in a chair placed atop a motor-driven treadmill located in a private testing chamber. The treadmill was equipped with a sturdy removable response device designed to adjust vertically for height and provide stability during testing. Its ergonomic design mimicked bicycle handlebars with response buttons positioned at thumb placement for both hands. Stimuli were delivered on the computer screen attached to a swing arm and positioned toward the front of the treadmill. After the practice trials, participants completed a V O 2max test to obtain aerobic fitness measures and maximal HR. Before the V O 2max test, participants were fitted with a Polar HR monitor and baseline HR was recorded. Height and weight were also recorded using a stadiometer and a Tanita WB-300 Plus digital scale (Tanita Corporation, Arlinghton Heights, IL). After the V O 2max test, participants were given a 5-min cool down period, and the session was concluded when HR returned to within 10 bpm of the resting HR.
Sessions 2 and 3. Randomization and counterbalancing of participants occurred before the second session to minimize confounding variables due to learning effects and the order of administration (i.e., seated rest, walking vs. walking, seated rest). Each session had three periods in which cognitive task performance was assessed: before walking or seated rest, during walking or seated rest, and after walking or seated rest. Each period contained a set of cognitive tasks such that upon cessation of both sessions, each participant completed six unique versions of all tasks. Versions of cognitive tasks were counterbalanced across participants with order of task administration remaining standardized within each period beginning with the flanker task, with the n-back task immediately after. Short breaks (5 min 54 s T 18 s) were afforded between periods with an average of 19 min 37 s T 12 s spent completing each period and 70 min 48 s T 30 s spent completing each session. The postwalking period was not initiated until HR returned to T10 bpm of baseline. The time between the cessation of the exercise bout and the initiation of the postwalking testing (5 min 12 s T 12 s) and the cessation of the seated rest and the initiation of the post-seated rest testing (5 min 42 s T 18 s) periods did not differ significantly, t(34) = 1.5, P = 0.14. Participants were tested individually and seated for every period, with the exception of the testing period that occurred while walking.
Before each session, participants were fitted with a Polar HR monitor. HR and RPE using the children's OMNI scale were taken at baseline and after performance on each cognitive task. A second set of practice trials was completed before testing. Sixty percent of maximal HR (determined from the V O 2max test) was the intensity of the walking condition for each participant. Table 1 provides participants' average HR data during exercise and during seated rest.
Statistical Analysis
Statistical analyses were conducted on reaction time (RT) and response accuracy for each cognitive task separately using SPSS v.18 (SPSS, Chicago, IL). Analysis for the flanker task followed a 2 (mode: walking, seated rest) Â 2 (trial type: congruent, incongruent) Â 3 (time: before, during, after) factorial model. Analysis for the n-back task followed a 2 (mode: walking, seated rest) Â 3 (target: 0-back, 1-back, 2-back) Â 3 (time: before, during, after) model. Findings were reported using the Greenhouse-Geisser statistic, with a significance level of P = 0.05. Further reporting included partial G 2 and estimated effect size for main effects and interactions. Please refer to Table 2 for complete results of each factorial analysis. Significant findings were decomposed using Bonferroni corrected t-tests for post hoc comparisons. 
RESULTS

Session Order
Initial analyses were performed to determine whether session order may have been a confounding variable. Omnibus analyses for the n-back task revealed a mode Â time Â session order interaction, F(2,64) = 6.9, P = 0.002, G 2 = 0.18. However, decomposition of the interaction did not yield significant findings, t's(35) e 1.4, P Q 0.16. No such effects of session order were observed for the flanker task. Thus, all further analyses were collapsed across session order.
Flanker
Two participants were eliminated from the flanker analysis. Normality screening of the data set revealed accuracy and reaction time performance that fell three SDs outside the norm in two or more conditions, suggesting that the task instructions were not understood or that the task was too difficult to complete for these individuals. No such normality violations occurred for the n-back task; therefore, all participants were included in that analysis.
Response accuracy. The omnibus analysis revealed a main effect of congruency, F(1,33) = 50.4, P G 0.005, G 2 = 0.60, that was superseded by a congruency Â time interaction, F(2,64) = 3.9, P = 0.03, G 2 = 0.1. Post hoc tests indicated greater mean accuracy for congruent trials in the precondition (95.9% T 1.0%) compared with the postcondition (94.6% T 1.0%), t(33) = 2.6, P = 0.02, with further analysis of the congruent trials (before the test (95.9% T 1.0%), during the test (95.6% T 0.6%), and after the test (94.6% T 1.0%)) eliciting greater mean accuracy than incongruent trials (before the test (91.2% T 1.5%), during the test (90.6% T 1.1%), and after the test (91.9% T 1.1%)) across all three periods, t's(33) Q 4.2, P's e 0.005. Further analysis revealed a significant interaction of mode Â time, F(1.4,45.9) = 4.7, P = 0.02, G 2 = 0.12. Decomposition of this interaction revealed a decrease in mean accuracy pre-seated rest (92% T 1.3%) compared with post-seated rest (94.4% T 1.2%), t(33) = 2.7, P = 0.01, and compared with postwalking (94.4% T 0.8%), t(33) = 2.7, P = 0.01 (Fig. 1A) . Furthermore, participants' response accuracy during the walking session demonstrated no significant changes in the prewalking period, during the walking period, or postwalking periods, F(1.5,48.6) = 1.3, P = 0.27, G 2 = 0.04. Reaction time. The omnibus analysis revealed a main effect of congruency, F(1,33) = 119.3, P G 0.005, G 2 = 0.78, that was superseded by a congruency Â time interaction, F(1.9,65.9) = 8.2, P e 0.005, G 2 = 0.2. Post hoc tests indicated shorter RT for congruent trials during pretest (532.5 T 13.3 ms) compared with posttest (559.9 T 14.1 ms), t(33) = 3.1, P e 0.005. Further analysis revealed the expected shorter RT for congruent trials across all three periods (before the test (532.5 T 13.3 ms), during the test (548.9 T 14.3 ms), and after the test (559.9 T 14.1 ms)) compared with incongruent trials (before the test (581.3 T 13.8 ms), during the test (585.3 T 14.9 ms), and after the test (589.3 T 14.6 ms)), t's(33) Q 6.1, P's e 0.005. No significant effects involving mode were observed, F's(1.7,58.5) e 2.9, P's Q 0.07, G 2 = 0.08 ( Fig. 1B and Table 2 ). However, the data also suggest that a speed-accuracy tradeoff may have occurred in the exercise condition across time. Inspection of exercise accuracy measures appears numerically, but not significantly, worse in the precondition relative to the rest condition with accompanying longer RT. Accordingly, planned comparisons were performed to examine whether a correlation was present between RT on correct trials and response accuracy. If a task were associated with a speedaccuracy tradeoff, we should expect to see an increase in accuracy accompanying an increase in RT, thus resulting in a positive correlation. However, no significant effects were observed in all conditions, with the condition during rest having the strongest correlation, r (34) = j0.28, P = 0.1, with findings occurring in the opposite direction to that of a speed-accuracy tradeoff. A second test was performed to further evaluate the possibility of a speed-accuracy tradeoff by correlating RT on correct trials and commission error rates (i.e., typically, more errors are made by participants who respond more quickly). A negative correlation would indicate the presence of a speed-accuracy tradeoff. Yet again, no significant effects were observed in all conditions, with the condition during the exercise demonstrating the strongest negative correlation, but not significant, r (34) = j0.23, P = 0.18.
n-back
Response accuracy. The omnibus analysis revealed a main effect of target, F(1.53,53.7) = 89.2, P e 0.005, G 2 = 0.7, with mean accuracy for the 0-back condition (93.8% T 0.8%) greater than the 1-back condition (81.8% T 2%) and mean accuracy for the 0-back and 1-back conditions greater than the 2-back condition (70.8% T 2.6%), t's(35) Q 7.7, P's e 0.005. No significant effects involving mode were observed, F's (1,35) e 2.2, P's Q 0.15, G 2 = 0.06 ( Fig. 2A and Table 2 ).
Reaction time. The omnibus analysis revealed a main effect of target, F(1.611,56.37) = 111.6, P e 0.005, G 2 = 0.8, that was superseded by a target Â time interaction, F(3.7,128.5) = 10.9, P e 0.005, G 2 = 0.24. Post hoc tests indicated increased reaction time for 2-back targets in the pretest period (944.7 T 37. Table 2 ).
DISCUSSION
The main findings revealed that moderately intense aerobic walking facilitates maintenance of attentional aspects of cognitive control in children over time and does not facilitate or impede working memory. Such findings suggest that physical activity may not detract from the learning process, and at the same time, it provides students with an increased opportunity to engage in health behaviors. Specifically, task performance on the flanker and n-back tasks did not differ during exercise relative to during rest, indicating that although improvements in cognition were not realized during physical activity, they also did not deteriorate. Furthermore, selective decrements to response accuracy were revealed for the flanker task after seated rest relative to baseline (i.e., before seated rest) and in comparison with after the bout of walking, indicating that attention and inhibitory control decay over time in response to repetitive cognitive challenge under conditions requiring the individual to stay seated. No such differences were observed for working memory. Accordingly, these data suggest that physical activity does not interfere with working memory and may facilitate maintenance of attention over time in cognitively demanding settings, which has public health implications for the educational environment and the context of learning.
Of particular interest is the lack of significant modulation in the cognitive outcomes during exercise. Specifically, the current findings did not reveal any significant differences in reaction time or response accuracy across both tasks when comparing walking with seated rest. Unlike adults (11, 32) , children appear to be able to effectively maintain inhibition and the updating of working memory while walking at a moderate intensity. One obvious possible reason for our lack of replication of the prior adult studies might stem from the intensity or duration of the exercise bout. That is, given the paucity of acute in-task exercise research, little evidence exists examining what effects various intensities or durations of exercise have on higher-order cognition or, for that matter, the extent to which these effects may generalize to school-age children. As such, our conclusion remains limited because of the consequence of insufficient data investigating a doseresponse relation. However, the current findings appear to validate the recommendation provided by the American Alliance for Health, Physical Education, Recreation and Dance to include short bouts of exercise during classroom learning without risk of impairment to cognitive control (i.e., inhibition and working memory) processes necessary for scholastic achievement.
The second main finding comprises the modulation of cognitive outcomes after the conclusion of the exercise bout. Specifically, the current investigation observed a general maintenance in inhibitory control, with better performance in both congruent and incongruent trials of the flanker task after a bout of exercise compared with postrest. Such a finding provides partial replication of prior research with children because Hillman et al. (22) found selective improvements for the incongruent trials of the flanker task after exercise. One potential explanation for these differences may relate to the time at which the cognitive assessment occurred after the cessation of the exercise bout. Specifically, the study of Hillman et al. (22) included a neuroelectrical assessment after exercise, which required preparation of a high-density electroencephalograph array immediately after the exercise bout. They reported that approximately 25 min was required from the cessation of the exercise bout to the initiation of the flanker task. The present study only required a 5-to 6-min delay for participants' HR to return to preexercise baseline levels before the flanker task begins. Accordingly, this suggests that attention and inhibitory control may modulate on the basis of the period that has elapsed from the conclusion of exercise to the time of cognitive testing. It should be further noted that upon evaluation of the accuracy and RT data, participants during the walking session had a tendency to respond more slowly during the session, thus potentially facilitating the higher accuracy measures after the walking bout. Future research will need to examine this question to better determine the robustness of the task performance effects.
One possibility for the observed differences in working memory and attentional inhibition in comparison with previous research may be due to the engagement of cognitive control during each testing condition across sessions. That is, in contrast to the existent acute exercise literature, the present study systematically maintained a similar level of cognitive engagement during each condition without intermittently modifying such engagement (e.g., having the participants reading a newspaper or watching an educational video during the rest condition). Such continual engagement of cognitive control has been hypothesized to act as a mental priming mechanism resulting in enhancements in cognition (3) . Similarly, findings from training games, which require prolonged activation of cognitive control, have observed improvements in behavioral performance after training (16) . Thus, the current investigation may have provided consistent control of extraneous variables related to cognitive engagement between conditions, which therefore may have contributed to the observed differences relative to the existing literature. However, such explanations remain speculative at this time with further research required to gain understanding of the general and selective nature of single bouts of exercise on attention and inhibition. Regardless, the current findings demonstrated selectivity for the effects of short duration exercise on aspects of cognitive control, with general maintenance in inhibitory control being observed after exercise in the absence of any effect on working memory.
Although the present investigation provides insight into the relation between walking and aspects of cognitive control in children, certain limitations should be noted. One such limitation is the confined age group. Future research should examine a broader range of school-age children to determine whether the differences found herein and in prior research are a function of age or some other factor. Furthermore, future research may gain additional insight, beyond behavioral outcomes, into the neural mechanisms contributing to the observed differences by incorporating neuroimaging measures. Only a few prior studies have been published previously (32) , and to our knowledge, no study has investigated cognition during exercise using neuroimaging tools with children. Lastly, the current study took place in a controlled laboratory with limited social and environmental influences. The likely possibility remains that in an applied scholastic setting, more environmental distractions may lead to poorer performance during the exercise bout.
In conclusion, the current study provides support for school-based interventions aimed at reducing inactivity among young children during school without interference to aspects of cognitive control, which may underlie aspects of scholastic performance. Public schools, more than any other institution in the nation, are intimately coupled with more than 54 million children during their first two decades of life (37) . If certain lifestyle behaviors, such as physical activity, are adopted and maintained regularly at a young age, they are more likely to track into adulthood. Therefore, positive experiences with physical activity in the classroom may assist in the effort to reduce inactivity across the lifespan. The present study supports the implementation of structured bouts of physical activity in the classroom, before and during classroom learning, which in turn may assist in decreasing sedentary behavior without cost to the faculties necessary for children to navigate the demands of the scholastic environment. Thus, early intervention aimed at adopting physical activity behaviors among children in school should be a national priority of industrialized nations.
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